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Abstract

Unveiling the self-organization mechanism of semiconducting organic molecules

onto metallic surfaces is the �rst step to design hybrid devices in which the self-

assembling is exploited to tailor magnetic properties. In this study, double-decker

rare-earth phthalocyanines, namely lutetium phthalocyanine (LuPc2), are deposited

on Au(111) gold surface forming large scale self-assemblies. Global and local exper-

imental techniques, namely grazing incidence X-ray di�raction and scanning tunnel-

ing microscopy, supplemented by density functional theory calculations with van der

Waals corrections, give insight of the molecular structural arrangement in the thin

�lm and the self-organization at the surface. Our results show unambiguously that

the two plateaus of the double-decker phthalocyanine present a di�erent rotation than

the isolated molecule. This is evidenced by density functional theory simulations of

optimized LuPc2 monolayer showing a perfect agreement with experimental �ndings.

Moreover, the stabilized structure of double layers reveals an eclipsed con�guration

of the molecules in the stacking, having the ligand plateaus parallel to the gold sur-

face. The high crystallinity of the molecular assembly and its weak electronic coupling

with the metallic substrate is expected to open new perspective in the design of opto-

electronic or magnetic devices.

Introduction

Phthalocyanine molecules have been the subject of a large number of investigations due to

their versatile applications in the areas such as photovoltaic materials, light-emitting diodes,

solar and fuel cells.3{6 More recently, magnetic phthalocyanines and related molecules, have

attracted much attentions for organic spin valve devices,7 Kondo coupling,8 spin-state ma-

nipulation9 and even molecular quantum bits.10 Because magnetic correlations are strongly

a�ected by molecular arrangement and interaction at interfaces, there is an evident need

to characterize the molecular architecture of active organic molecules on standard metallic
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Figure 1: Top : 
 structure space group P212121 from LuPc2 a = 10:553 �A, b = 50:795 �A,
c = 8:959 �A, taken from Ref.1 ; bottom: � structure space groupe C2/c from NdPc2 a =
19:01 �A, b = 19:066 �A, c = 15:538 �A, � = 116:10� taken from Ref.2 The higher plateau of
double-decker phthalocyanine is represented with lighter colors for clarity.

surfaces such as gold. This would result in a detailed knowledge and understanding of the

molecule-molecule interactions as well as molecule-surface interactions and possible charge

transfer.

A large number of investigations have already been carried out on metal phthalocyanines

(MPcs) on gold substrate with the aim to characterize the interface between the gold and the

MPcs.11{14 In these studies, MPcs are found to form closed-packed self-organized two dimen-

sionally (2D) ordered areas at monolayer coverage with 
at-lying molecules. In successive

adlayers the molecules either adsorb 
at or tilted, depending on the central metal cation of

the phthalocyanine. Unfortunately, these single decker molecules are sensitive to oxydation

that can occur on the central ion, degrading their electrical and magnetic properties. This

limitation can be detered by the use of double-decker phthalocyanines, as shown in a recent

article.15 In the study presented here, we focus our interest on a lanthanide double-decker

phthalocyanine of lutetium (LuPc2). Each molecule is composed of two identical phthalo-

cyanines, rotated by 45� against each other, and bridged via a Lu(III) ion. Because of that

particular geometry, only peripheric ligands are mainly a�ected upon adsorption on reactive
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surfaces,16 preserving the intrinsic electronic properties of the molecule.

The crystalline structures of double-decker phthalocyanines, are presented in Fig.1. The

most stable structure for LuPc2 in single crystal or powder corresponds to the 
 structure1

whereas the � structure is observed for other rare earth double-decker phthalocyanines.2

Despite recent studies focusing on double-decker phthalocyanines on metal or semi-metal

surfaces,17{21 none of them are dealing with LuPc2 on Au(111) surface, addressing the global

and local structural arrangement of multilayers in relation with the substrate and the mi-

croscopic electronic structure of the HOMO and LUMO states in closed-packed multilayers.

In this work, the combination of grazing incidence X-ray di�raction (GIXD), scanning tun-

neling microscopy (STM) and density functional theory (DFT) calculations, allows us to give

a comprehensive understanding of LuPc2/Au(111) system. The structure and the orientation

of the closed packed molecular architecture with respect to the substrate crystallographic

directions is revealed by using GIXD, showing a square in-plane lattice. The self-assembly is

unveiled at molecular scale by STM, revealing a rotation of the two ligand plateaus for min-

imizing self-assembly energy. In the multilayer stack, an eclipsed con�guration is evidenced

thanks to unique DFT calculations carried out on a self-assembled double layer of LuPc2.

Experimental and Theoretical Methods

Sample preparation

The Au(111) single crystal used for the experiments was provided by Surface Preparation

Laboratory company. The gold surface was prepared by repeated sputtering and annealing

(at about 650�C) cycles until a sharp pattern was observed by low energy electron di�raction.

Under these conditions, the well known Au(111) 22 � p
3 reconstruction was observed by

STM and by GIXD.22

LuPc2 was synthesized according to literature methods.
23 All the depositions were performed

in situ under ultra-high vacuum (UHV) conditions to prevent from sample contamination.
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LuPc2 molecules, placed in a Ta pocket resistively heated or in a dedicated evaporator for

molecules, were outgassed for a few hours at 250�C until the base pressure of the experimental

chambers (low 10�10 mbar) was recovered. During the molecular deposition, the Ta pocket

or the crucible of the evaporator was resistively heated to around 300�C, while keeping the

vapor pressure in the low 10�9 mbar range. Most of the results presented here have been

obtained on multilayer deposition followed by an annealing at 300�C for 15 minutes.

Experimental techniques

STM measurements were performed at room temperature using a set-up consisting of two

interconnected chambers for sample preparation and STM measurements, operating at a

base pressure of low 10�11 mbar. A commercial variable temperature STM from Omicron

Nanotechnology was used to obtain images in a constant current mode. A tungsten tip used

in all the measurements, was �rst etched ex situ in a NaOH solution and afterwards 
ashed

up to about 800�C in situ in order to remove the oxide layer. All STM images have been

processed using the Gwyddion software.24

GIXD experiments have been carried out on the SIXS beamline at the synchrotron SOLEIL,25,26

the photon energy was set at 11 keV, corresponding to a wavelength � of 1.12714 �A. The

molecules were deposed in situ in the di�ractometer chamber. The optical signature of

LuPc2 molecules was checked in real time during the deposition by surface sensitive opti-

cal re
ectivity.27 The incident beam has been kept at an angle of 0.4� in order to prevent

scattering from the bulk by reducing the penetration depth of incoming X rays. All GIXD

measurements have been performed at room temperature, using a point detector. The h,

k, l indices correspond to the surface unit cell of Au(111) with a = b = a0p
2
, c = a0

p
3,

� = � = 90�, 
 = 120� and a0 = 4:078 �A.
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Theoretical methods

All Density Functional Theory (DFT) calculations are performed with the VASP package,

the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional and the projector aug-

mented wave method.28{32 The energy cuto� is 450 eV and the van der Waals (vdW) inter-

actions are computed with the Tkatchenko-Sche�er method.33 Structure optimizations are

performed until all forces are less than 0.01 eV / �A. The optimizations are carried out to relax

structures and volumes for the mono (double) layer of LuPc2 molecules. Free standing mono

(double) layers are considered in this study to model the self-organization of the molecules

driven by vdW forces in multilayer regime.16,34,35 For single molecule calculations, only the �

point of the Brillouin zone is computed and the structure of the molecule is optimized while

the volume and shape of the simulation cell with a size of 28�28�28 �A , are kept constant.

For mono (double) layers, the simulation cell contains 1 (2) molecule(s) and the vertical

distance, labeled as z, between molecules of neighboring simulation cells is kept to at least

12 �A. The initial lateral dimensions of the mono (double) layer is assumed to be 17 �A in

both directions forming a quasi-square lattice on the LuPc2 monolayer. The assumption of

a quasi-square lattice is motivated by recent studies of metal-free Pc molecules adsorbed

on Au(111) forming a similar quasi-square lattice36 and by the present study using GIXD.

The Brillouin zone is sampled with Monkhorst-Pack scheme of 3� 3� 1 k-points where the

periodic direction of the mono (double) layer is assumed in x and y. Double layers of LuPc2

molecules are studied with two free standing monolayers, one adsorbed on the other (adsorp-

tion direction is z). Because the adsorption potential of two LuPc2 monolayers is expected

to be dominated by vdW interactions16 and the adsorption surface area is relatively large

(e.g. 13.4 �A�13.4 �A for the optimized free standing monolayer as discussed below), several

local minima in the potential separated by shallow potential barriers can occur. Thus, we

sample several adsorption structures by shifting the upper LuPc2 monolayer over a grid of

points with a resolution of 0.75 �A in x- and y-direction. Only a quarter of the unit cell is

sampled due to the symmetry of the structure. We assume that no rotation of molecules in
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the upper and lower layer occurs with respect to each other. The initial separation distance

between the two layers is 3.5 �A.

With the total energies of the optimized single molecule (Es) and of the mono (double)

layer (Em(d)), the formation energy per LuPc2 molecule can be estimated as

E
m(d)
f = (Em(d) � nEs)=n

where n is the number of molecules in the layer. The adsorption energy (Ead) of one mono-

layer attached onto the other can be expressed as

Ead = (Ed
f � nEm

f )=n:

The band decomposed charge density (BDCD) method can be used to simulate STM

images. Within this method, the conductivity is assumed to be proportional to the charge

density within an energy window determined by the bias voltage. The bias voltage in exper-

imental measurements is associated with the bias energy in the BDCD method. The charge

density within a certain energy window, e.g. from HOMO to 2 eV below HOMO, can be

obtained by summation of the densities over all k-points of the states within this energy

range. The summation can be carried out over occupied and unoccupied states relative to a

selective energy level, here we choose HOMO or the valence band maximum (VBM). Then, a

2D density pro�le is taken from BDCD at height of z the simulation cell, which can be used

to qualitatively evaluate experimental STM images. We choose to take the density pro�le

at a height of 2.8 �A above the LuPc2 molecule layer in lateral directions at bias energy of

-2 and 2 eV (corresponding to -2 and 2 V bias voltage) around VBM.
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Results and discussion

Self-organization at macroscopic scale

Figure 2: (A) : Scan along the [110] direction of the reciprocal space of gold before (black
dots) and after (pink dots) deposition of molecules. (B) : In-plane mesh (l=0.05 �A) of
the LuPc2/Au(111) after heating to 285

�C. (C) : Representation of inequivalent domains of
LuPc2 on Au(111) lattice (colored in yellow), based on the experimentally determined 2D
lattice and close packing of the LuPc molecules. The upper plateau LuPc2 has been coloured
in light grey for clarity. In-plane molecular distances are represented by plain line red arrows
of a = 13:6� 0:1 �A, b = 13:6� 0:1 �A with an angle of 90� 0:1� between the two directions.

The main GIXD results are displayed in Fig.2. The plot in Fig.2(A) shows a scan along

the [110] direction of the reciprocal space, i.e. along the large side of the herringbone re-

construction of gold around the (0,1,0.05) condition. The cut has been plotted versus h
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index for ease of representation; black dots correspond to the clean gold surface whereas

pink dots correspond to the signal measured for a 10 nm thick �lm of LuPc2, as deposited.

The central peak at h = 0 corresponds to the intersection of the crystal truncation rod of

Au(111); the peaks at h = �0:012 re
ect the periodicity of the elbow positions appearing

on the zig-zag reconstruction along [110] direction.22 The peaks found at h = �0:045 and

h = �0:09 are assigned to the �rst and second order of 22�p
3 herringbone reconstruction

respectively.37 Upon LuPc2 deposition, it can be noticed that the peaks related to the gold

reconstruction pertains but are smoothed and shifted to lower h values. The attenuation of

intensity is attributed to a loss of long range order of the reconstruction, whereas the shift

indicates that the period of the reconstruction increases. From the position of the �rst and

second order peaks, we measure an increase of about 4.5 % of the period. A similar result

has been obtained by Iski et al. when depositing naphtho[2,3-a]pyrene on Au(111).38 In

their experiments, the period of the herringbone reconstruction was shown to increase from

6.3 nm up to 19 nm. Such variations may be related to a change of surface stress. Indeed,

the Au(111) reconstruction corresponds to a densi�cation of the surface plane. It originates

from the large value of (� � 
)/(a0Ec) where � and 
 are the surface stress and surface free

energy of the non-reconstructed (1�1) surface and a0 and Ec the lattice constant and co-

hesive energy.39 When the surface stress decreases, the surface density of the reconstruction

is lowered and the period increases. Such surface stress variations are commonly observed

upon chemisorption40 and a reduction of tensile stress is associated with a charge trans-

fer from the substrat to the adsorbate.39 The surface stress di�erence between the (1�1)
and (22�p3) surfaces has been previously estimated as 0.2 N/m.41 In the present case, the

change of surface stress must be much smaller, of the order of a few mN/m. This is also much

smaller than the surface stress variations, of a few N/m, observed when adsorbing a highly

electronegative atom on a transition metal surface.42 This indicates that the charge transfer

between Au(111) and LuPc2 is very weak. Such charge transfer has already been evidenced

for metal free phthalocyanine on gold by means of X-ray absorption spectroscopy43 and is
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reported here for the �rst time on double-decker phthalocyanine by using surface di�raction

to our knowledge.

The inplane map (q?=0.078 �A�1, corresponding to l=0.07) of one symmetry domain of the

molecular layer is displayed in Fig.2(B) on a layer annealed to 285�C, below the sublimation

temperature of the molecules. Two series of spots are seen: one at qk = 0:461� 0:002 �A�1,

corresponding to 110 re
ections, and the other at qk = 0:653 � 0:004 �A�1, corresponding

to 200 re
ections. The presence of sharp spots clearly indicates a long range order of the

molecules in the surface plane that self-organize in a square lattice with a molecule-molecule

distance of 13:6�0:1 �A. Note that the observed lattice is quite close to the lattice periodicity

of the (001) plane of �-structure of NdPc with a = b = 13:46 �A with an enclosing angle of

89.83�.

Looking carefully at the in-plane map, one can note that there is an alternance between sin-

gle spots and double ones; moreover every double spot of the f110g re
ections corresponds a
single one in the f200g and reciprocally. The period between two (double or single) spots is

rougly 30� whereas the period between two spots (no matter which ones) is about 15�. This

accounts for a total of 24 domains, which divided by the 6-fold symmetry of the substrate

and considering a 4-fold symmetry of the overlayer, reduces to 2 inequivalent symmetries of

orientation. Both inequivalent symmetries are plotted in Fig.2(C), denoted as Con�guration

1 and Con�guration 2. Both are rotated by an angle of 45� relative to each other. The molec-

ular packing is taken in analogy to the �-structure of NdPc, in which the two plateaus of the

molecule are slightly misoriented with respect to the free molecule. In the Con�guration 1,

relative to the single peaks of the map, the molecules arrange in a square whose diagonal is

aligned with the close packed direction of the gold substrate. In this con�guration, the sides

of the square (represented as red arrows in Fig.2(C)) are not aligned with high symmetry

axes of the gold substrate.

The two con�gurations labelled (2a) and (2b), corresponding to the twin spots of the map,

are generated by a slight misalignement of the molecular square cell of �1:29� with respect
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to the [110] direction. One side of the square is then almost aligned with the ridges formed

by the herringbone reconstruction along [112], while the other is perpendicular to the ridges,

along [110]. So far in the literature, all studies report on a con�guration similar to con�g-

uration (1) in monolayer (ML) or sub-monolayer (sub-ML) self-assemblies of single decker

phthalocyanine of FePc/Au(111), H2Pc/Au(111) , CuPc/Au(111), MnPc/Au(111)13,36,44{46

or in double-decker of YPc2/Au(111).
20 In a STM study of LuPc2/Ag(111), Toader et al.

found that the smallest angle between the one unit cell vector of the molecular assembly

and one of the equivalent substrate directions was determined to be 15�, corresponding to

our �nding for the con�guration (1).17 A similar con�guration is then expected to occur

at the monolayer coverage of LuPc2 on Au(111) as suggested by the GIXD. To our knowl-

edge, no studies report on the observation of the con�guration (2) at a ML or sub-ML

coverage on gold in which the square lattice formed by the molecule is aligned with the

ridges of the herringbone reconstruction of gold. The con�guration (1) seems to be driven

by the molecule-substrate interaction rather than by molecule-molecule interaction. Very

few studies report on the packing of the molecules in the multilayer coverage range from

the structural point of view. In a STM study, the authors investigated successive depo-

sitions of FePc/Au(111) and evidenced the presence of the packing of both con�gurations

(1) and (2).13 In the STM images a clear alignement of the molecules along the rigdes of

the herringbone reconstruction is observed. Our GIXD measurements indicate clearly the

presence of the two con�gurations in the multilayer, with intensities presenting a ratio of

about 2/3 for the two con�gurations. From the discussion presented above, we can suggest

that even if the herringbone in
uences the nucleation site of the molecular terrasses, it is

most likely the hexagonal symmetry of the substrate which acts as a template in the mono-

layer regime whereas herringbone reconstruction in
uences the self-organization in the stack.

The GIXDmeasurements allow us to gain the following information regarding LuPc2/Au(111)

:

{ the herringbone reconstruction pertains upon the adsorption of the molecules but en-
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couters a relaxation of about 4.5%, attributed to a small charge transfer from the gold

substrate to the molecules.

{ the molecules self-organize on the herringbone reconstructed gold surface in perfectly

squared in-plane lattice of 13:6�0:2 �A which is close to the molecular packing present

in the � structure.

{ two main orientations of the molecular lattices with respect to the substrate are evi-

denced : either the molecular square lattice is aligned with the dense direction of gold

or it is rotated by 15� .

Self-organization at microscopic scale

In a similar experiment, STM images recorded at room temperature on an annealed multi-

layer, are displayed in Fig.3. The top image (Fig.3(a)) corresponds to an area of 100 nm�23.6 nm
where a large terrace of self-organized molecules is observed. Height pro�le along the solid

line is presented in Fig.3(b) and a zoom of the framed region is shown in Fig.3(c).

On the large terrace seen in the top image (Fig.3(a)), scarce individual molecules, appearing

as white protrusions, are resolved. The terrace has sharp but irregular edges and presents

extended defects (holes) interpreted as missing molecules in the self-assembly. The most

interesting feature is evidenced by the height pro�le seen in the Fig.3(b). From the left side,

a �rst protusion of about 2.5 �A corresponding to a single molecule sitting on the underneath

layer is seen. Then a step of about 6 �A is measured when reaching the terrace, with a step

down of about 2.5 �A , when crossing the side of the inner hole in the terrace. Because the

step from the lower layer to the upper terrace corresponds to about twice the height of a

single molecule, the terrace is interpreted as composed of a double layer of LuPc2 molecules.

This trend has been systematically observed on di�erent samples after annealing but also for

the as-deposited multilayers. This behavior is intriguing and has not been reported so far for
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Figure 3: STM image recorded on LuPc2 multilayer after annealing (-2.6 V, 700 pA); (a)
large scale image of area 100 nm�23.6 nm: (b) : height pro�le along the solid line drawn in
the large scale image; (c) zoom region framed in the large scale image.
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double-decker phthalocyanines to our knowledge. Such bilayer formation has been already

reported for the polar molecule of Titanyl Phthalocyanine (TiOPc) deposited Ag(111) for

multilayer deposition. In the observed bilayers the two titanyl groups are facing each other

in a staggered con�guration where the negatively charged oxygen of each group faces the

hydrogen of the benzene group, stabilizing the bilayer.47 In LuPc2/Au(111), the sharpness

of the terraces edges points toward a stacking in which the central ions are superimposed in

an eclipsed con�guration as it will be discussed later.

Looking at the zoomed image in Fig.3(c), the molecules clearly self-organize in two domains

that have been separated by a dashed line for the sake of clarity. The two domains present

a square lattice of identical parameters and orientation, in agreement with GIXD observa-

tions. The axis linking two opposite phenyl groups of the upper plateau (denoted as phenyl

symmetry axis) is rotated by about 26� clockwise or counterclockwise with respect to the

side of the square lattice, for the upper and lower domain respectively, as sketched in the

self-assembly 1. To go further in the understanding of the 2D packing, two self-assemblies

can be proposed to interpret the STM observation. Considering a molecular description de-

rived from the NdPc2 resolved by XRD in the � con�guration,2 in which the lower plateau of

the molecule presents a rotation of about 37� compared to the upper one (instead of the 45�

in the isolated form), two arrangements of molecules can be considered to restitute the STM

measurement for the two domains. The two self-assemblies, sketched in the Fig.3(c), are

proposed. They only di�er in the rotation of the lower plateau with respect to the upper one

(clockwise for self-assemby 1 and counterclockwise for self-assemby 2), i.e. the molecules are


ipped from one model to the other of the same domain. The molecules need to be 
ipped

in the second domain below the dashed line to preserve the orientation of the square lattice.

Di�erences are observed in the two proposed models regarding the respective positions of the

lower plateaus : in the self-assemby 1, the lower phenyl groups of adjacent molecules are in

close contact which is unlikely to occur due to steric e�ect and hydogen repulsion whereas in

the self-assemby 2, the phenyl groups are distant, making this con�guration a more favorable
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one. It is worthwile to note that in self-assemby 2, the symmetry axis of lower phenyl from

one domain is aligned with the upper one of the other domain, inducing an identical packing

for the upper and lower plateau. From this �rst qualitative analysis, the self-assemby 2

con�guration seems to be favorable to reproduce the observed STM arrangement.

In order to validate the above experimental �nding on multilayer, simulations of STM images

at positive and negative bias using DFT have been performed on a suspended single layer

of LuPc2 in vacuum and the results are presented in Fig.4. The stabilized packing obtained

Figure 4: Left: Experimental STM image recorded on multilayer of LuPc2/Au(111) for a
sample bias of +2V and -2V; Right : Simulated lattice of monolayer LuPc2 spanning over
several cells at biases corresponding to +2 V (top) and -2 V (bottom).

from DFT corresponds to a square lattice of 13.4 �A which is inline with the molecule-

molecule distance of 13.6 �A measured by GIXD and which corresponds to the STM �nding.

The phenyl symmetry axis of the upper plateau appears to be rotated by 26� with respect

to square lattice as also observed on the STM measurements (26�- 28� was estimated on

experimental STM in Fig.3(c)). Moreover, the lower plateau of the molecule presents a mis-

orientation of 37� with respect to the upper one, validating the self-assembly 2 proposed in
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the Fig.3(c). The DFT calculations reveal how the self-assembly modi�es the distribution of

�lled and empty electronic states. At a bias of -2 V, the �lled states concentrate more on the

benzene rings, and only four bright protrusions are observed in both DFT and experimental

STM. At a bias of +2V, the empty states are splitted on the side of the pyrolic group, lead-

ing to the observation of two distinct lobes of intensity in the calculated and experimental

STM image. When compared to the isolated molecule,48 empty electronic states are now

distributed on the four benzene rings equally evidencing a redistribution of the electronic

states induced by the self-assembly. The similarities evidenced here can be regarded as a

validation of the DFT calculation.

DFT calculations of the self-assembled layer being validated by experimental evidence, we

can investigate further the con�guration of an adlayer onto the self-assembly, answering the

question on how the two molecules in the upper and lower layer are oriented with respect to

each other. To that end, DFT calculations have been carried out on double layers of LuPc2

and the results are shown in Fig.5. The optimized structure of the LuPc2 single molecule

is shown in Fig. 5(A) (left top). As known from our previous study,48 the outer parts of

phthalocyanine plateaus are bent away from the center of the molecule, leading to a maxi-

mal distance between the lower and the upper phthalocyanine plateau of more than 4.3 �A.

The optimized structure of the LuPc2 monolayer (Fig. 5(A) right top) shows that. In the

monolayer, the phthalocyanine plateaus become 
at with a height of less than 3.4 �A that is

reduced from 4.3 �A in the free molecule. To our best knowledge, this is the �rst time that

DFT calculations determine accurately the experimental height of LuPc2 molecule. Previ-

ously it was assumed that vdW forces could lead to a 
attening of the molecular structure

or it could be caused by vertical stacking of several double-decker phthalocyanines on top

of each other.48 Here, we additionally show that the lateral interaction to neighboring ph-

thalocyanine in a double-decker formation leads to the 
attening of the structure during the

monolayer formation, resulting in a lateral extension of the relaxed quasi-square simulation
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Figure 5: (A) Side view of the optimized structures of the single molecule and the monolayer
of LuPc2 as well as the shifted and the eclipsed double layer. The lateral extensions of
the simulation cells are indicated with dashed lines. Double arrows show the height of the
molecules as well as their separation in the double layers or the simulation cell size. (B)
Potential energy surface of shifted double layers in x and y direction measured relative to
the global minimum of the computed structures.
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cell of 13.4 �A in both directions. In constrast to the single molecule, the two phthalocyanine

plateaus are not rotated by 45� to each other, but the contraction of the simulation cell dur-

ing volume relaxation reduces the angle to 37�, in agreement with the NdPc2 � structure.2

For the double layer, we distinguish between two structures as follows. In the lowest energy

structure shown in Fig. 5(A) (middle right), the molecules in the two layers sit on top of

each other (eclipsed) resulting in the same orientation of the upper and lower phthalocya-

nine plateaus in each molecules, respectively; i.e. two adjacent plateaus are rotated by 37�.

In the most unstable structure shown in Fig. 5(A) (left middle), the upper LuPc2 layer is

shifted by 0.5 lateral lattice vectors in x- and in y-direction (i.e. [0.5,0.5]) with respect to

the lower layer. Both double layer structures have slightly larger lateral lattice vectors of

13.5 �A�13.5 �A getting closer to GIXD �nding and a separation between LuPc2 molecules of

3.3 �A which is in-line with the �nding of 3.25 �A measured by standard XRD (See Supporting

Information).

For the double layer, the computed adsorption potential scan is shown in Fig.5 (B). It has

several local minima and one maximal potential height of 300 meV per molecule. For the

eclipsed case, that is the minimum of the potential surface, the adsorption energy of one

LuPc2 monolayer onto the other is computed to be -1.35 eV per molecule and its forma-

tion energy is -2.12 eV per molecule which equals the sum of monolayer formation energy

(-0.77 eV) and adsorption energy of two monolayers on each other (-1.35 eV). For the shifted

structure, the interaction is weaker: the adsorption energy is -1.07 eV and the formation

energy is -1.84 eV.

Both formation energy and changes in electronic structure hint that the mono and the double

layer of LuPc2 are governed by vdW forces. These calculations are performed for a partic-

ular orientation of the molecules in the two layers with respect to each other, and result

in excellent agreement with the experimental �nding, providing an insight into the general

mechanism in the formation of the interaction between mono and double layer of LuPc2.

Thanks to STM and DFT calculation, local arrangement of the molecules in the layer
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and in double layer can be unveiled :

{ LuPc2 molecules self-organize in a square lattice forming domains in which molecules

are 
ipped resulting in the same square lattice and arrangement and governed by vdW

forces.

{ in the self assembly, the two plateaus are rotated by 37 degrees with respect to each

other which is an intrinsic result of the monolayer formation.

{ double layers are often observed in which the central ions are superimposed in eclipsed

con�guration with ligand plateau perpendicular to the stacking direction.

Conclusion

The self-assembling of LuPc2 molecules on Au(111) surface at room temperature is unveiled

as a result of combined study using di�raction, scanning tunneling microscopy and density

functional theory. GIXD revealed that the herringbone reconstruction of gold pertains upon

the adsorption of the molecules, but encouters a relaxation of about 4.5 %, attributed to

a small charge transfer from the gold substrate to the molecules. In the multilayer, the

molecules self-organize in perfectly squared in-plane lattice of 13:6� 0:2 �A corresponding to

a new quadratic structural phase for double-decker phthalocyanine. STM measurements sup-

ported by DFT calculations disclose how the ligand plateaus are mutually arranged within

the 2D packing : a rotation of 37� of the two plateaus is unambiguously evidenced. Moreover,

unique DFT calculations carried out on self-assembled double-layer con�rm that eclipsed con-

�guration is stabilized for 3D packing in which molecules pile up in the upper layer adopting

the identical con�guration than in the lower one.

Double-decker phthalocyanines appear as ideal candidates to investigate the design of weakly

interactive self-assemblies on to close-packed surfaces, including superconducting ones, paving

the route to the development of sophisticated logic memories.
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